A nanocomposite electrocatalyst was prepared with the method of cluster beam deposition of palladium nanoparticle thin films on carbon nanoparticle supporting layers and used as sensitive nonenzyme hydrogen peroxide sensors. An enhancement on the electrocatalytic activity of the palladium nanoparticles toward H 2 O 2 reduction was observed, which was related to the coverage of the carbon nanoparticles. With one monolayer of carbon nanoparticles, the H 2 O 2 detection sensitivity reached the maximum, which was more than twice of that of the pure Pd nanoparticles.
I. INTRODUCTION
H 2 O 2 is an important raw material in the processes of industrial production, as well as the by-product that exists in many biological oxidases reactions. The detection of H 2 O 2 is of significant importance in many different fields [1] . Electrochemical techniques have received great attention in the H 2 O 2 determination because of their simplicity and high sensitivity. To overcome the interferences and irreversible responses coming from the high overpotential for H 2 O 2 oxidation in the electrochemical sensors with bulk electrodes [2, 3] , the electrode surfaces are commonly modified with suitable materials, with enzymes or free of enzymes [4] .
Recently, metal nanoparticle (NP) modified electrodes have been extensively studied for the application in enzyme-free electrochemical biosensors based on H 2 O 2 detection. NPs of metals like silver [5] , palladium [6] , gold [7] , iridium [8] , platinum [9] and their hybrids [10] were used. Liao et al. [11] fabricated dense Ag NP coatings on glass carbon electrodes (GCEs) by cluster beam deposition. For the electrocatalytic reduction of hydrogen peroxide, the electrodes exhibited high activity, which was characterized by highly sensitive and rapid detection. The lower limit could be as small as 1×10 −6 mol/L and the response time could be less than † Part of the special issue for "the 19th International Symposium on Small Particles and Inorganic Clusters"
* Author to whom correspondence should be addressed. [14] . On the other hand, carbon nanostructures were the subject of considerable interest to be used electrocatalyst supports in the past few years owing to their outstanding catalytic performance [15] . Several kinds of carbon sustaining materials, like carbon black [16] , graphene [17] have already been used as supporting materials to enhance the catalytic property. The carbon nanostructure-metal NP hybrids may have more ideal electrocatalytic property than that of the either elements of the composites [18] . Wang et al. [14] used chemical vapor deposition synthesized graphene sheets deposited with Pd NPs to modify the GCE and showed large enhancements on the linear range and response time in H 2 O 2 detection.
In this work, bilayers of Pd NPs and carbon NPs are fabricated by cluster beam deposition and used to modify the GCEs for electrochemical analysis of H 2 O 2 . By controlling the content of the carbon NPs, a significant enhancement on the sensitivity and selectivity is shown. 
II. EXPERIMENTS

A. Preparation of GCE
The GCEs were carefully polished by aluminite powder until the surface was mirror-like and ultrasonically cleaned by distilled water, ethanol, concentrated HNO 3 and deionized water successively. Before use the cleaned GCEs were dried by nitrogen.
B. Deposition of Pd NPs and C NPs
A magnetron plasma gas aggeration cluster source containing two discharge heads was used to deposit nanoparticles on GCEs. The geometry of the cluster beam deposition system is shown in FIG. 1 schematically. The deposition was carried out in high vacuum. A Pd target and a C target with 99.99% purity were used in the magnetron sputtering. C clusters were firstly generated and deposited. They were formed in the Ar gas with a steady pressure of 70 Pa through the aggregation process in the aggregation tube cooled with liquid nitrogen. The clusters were injected into high vacuum through a nozzle. A beam of clusters was generated and deposited on the GCE substrates fixed on the high vacuum chamber. The deposition rate, which was monitored with a quartz crystal microbalance, was controlled at about 0.4Å/s by supplying 200 W DC power to the C target. And the deposition time determined the coverage of the NPs. After the deposition of C clusters, Pd cluster deposition was succeeded. In this process, the argon gas pressure and discharge power was 110 Pa and 20 W respectively. The deposition rate were approximately 0.9Å/s.
For comparison, four samples with different C NP coverage were prepared, namely: Pd NPs without any C NPs, Pd NPs with a low C NPs coverage, Pd NPs with a monolayer C NPs and Pd NPs with a bilayer of C NPs. The coverage of the Pd NPs was estimated to be about 80%. It was shown such coverage of Pd NPs on GCE could have the best electrocatalytic performance [17] . There will be some voids between the nanoparticles when the coverage of Pd nanoparticles is less than 100%, so that the effective area for reaction is relatively large. Instead, the effective area for reaction will decrease when the coverage is more than 100%, because of the decline in the number density of nanoparticles. Therefore, when the coverage is less than 100% and as large as possible, the number density and the response current of nanoparticles will reach the maximum.
C. Characterization
The size distribution and coverage of the Pd and C NP films were analyzed with transmission electron microscope (TEM). The morphology of the C NP coated GCE surface was characterized with scanning electron microscope (SEM). Raman spectroscopy (NTMDT NTEGRA spectra) was also measured for the C NPs. For Raman spectroscopy, Si wafers were used.
D. Electrocatalytic measurements
A CHI 660D electrochemical work-station having a three-electrode structure was used to perform the electrochemical measurements. 10 mL of neutral phosphate buffer solutions (PBS) was deoxygenated and used in the cyclic voltammetric (CV) measurements (scan rate: 50 mV/s) at room temperature. The PBS was prepared with NaH 2 PO 4 and Na 2 HPO 4 , in the 0.9% NaCl supporting electrolyte [11] . To investigate the electrocatalytic activity toward H 2 O 2 reduction, cyclic voltammetric (CV) measurements were also performed in 0.05 mol/L PBS added with H 2 O 2 solutions of different concentrations at pH=7.4.
III. RESULTS AND DISCUSSION
The TEM images of Pd and C nanoparticles as well as the size distribution of them are shown in FIG. 2 . The Pd NPs randomly distributed on the substrate, as illustrated in FIG. 2(a) . The average diameter and coverage of the nanoparticles were estimated as 5 nm and 80% respectively. FIG . 3 shows the Raman spectrum of C NPs and SEM image of GCE coated with the C NP film with ∼200% coverage. As shown in FIG. 3(a) , the Raman spectrum reveals an intense peak at ∼1590 cm −1 Raman shift, which is assigned to the G band corresponding to the SP 2 bonded Raman-allowed graphite mode, and a weak peak at 1350 cm −1 Raman shift, which is assigned to the D band for the disorder-induced mode [19] . Unlike those observed in common diamondlike films, the relative sharp G band and the large disparity between the intensity of the G and D band indicate that the C NPs are mostly graphite-like. From FIG. 3(b) it can be found that the C NP film is rough and loose when it is heavily deposited. shown in FIG. 4 . For all the NP modified electrodes, the CV curves were measured in 0.05 mol/L neutral PBS added with 10 mmol/L H 2 O 2 . The potential range of the CV curve was from −0.3 V to 0.12 V, with a scan rate of 50 mV/s. For the GCE covered merely with C NPs, no significant current change was observed in the whole potential scanning range, demonstrating that the C NPs had no H 2 O 2 electrocatalytic reduction activity. On the contrary, for the electrodes containing either Pd NPs or Pd NPs/C NPs bilayers, obvious electrocatalytic current caused by the H 2 O 2 reduction was observed. Therefore the H 2 O 2 electrocatalytic reduction activity should be attributed to the Pd nanoparticles, as it was previously reported [14] . It should be pointed out that the electrocatalytic activity of the Pd NPs was significantly influenced by the loading amount of the C NP intermediate layer. The reduction current increased with the deposition time of the C NPs, and reached the maximum when one monolayer of C NPs was approached. With a 90% C NP coverage, the reduction current was approximately twice as large as that of the electrodes with Pd NPs only. Further increasing the C NP coverage, the reduction current decreased on the contrary. For the electrode with 200% C NP coverage, the electrocatalytic activity for H 2 O 2 reduction became even lower than that of the Pd NPs without a C NP intermediate layer.
The electrocatalytic activity of Pd NPs toward H 2 O 2 reduction can be attributed to their excellent catalytic property and conductivity. Furthermore, due to the small size and clean surface generated in the gas phase, high specific surface area and dense active sites can be obtained. When the C NP intermediate layer is introduced, the electrocatalytic activity of the composite can be enhanced due to the synergistic effect of C NPs and Pd NPs. The graphite-like C NPs become a bridge between the Pd NPs and the GCE, providing high conductivity and fast electron transfer rate. Furthermore, the C NP intermediate layers can increase the accessible active surface area so as to enhance the accumulation of OH(ads) intermediates on the electrode surface, enabling the Pd NP-catalyzed reduction of the secondary H 2 O 2 molecule to take place continuously. On the other hand, when more than one layer of C NPs is deposited, the C NP film becomes rough and loose. Many Pd NPs may stack on top of the vertically piled C NPs or on the voids between the C NPs, these induce a significant reduction on the accessible active surface area and the conductivity. As a result, the electrocatalytic activity degrades.
In For this sample, the sensitivity can be as high as 37.53 µA/(mmol/L), which is more than twice of that of the electrodes only covered with Pd NPs.
IV. CONCLUSION
Composite films of Pd NPs and C NPs were fabricated on GCEs with cluster beam deposition, with C NPs as intermediate layer between the Pd NP layer and the GCE. By finely controlling the deposition mass of the C NPs, C NP films with 30% coverage, monolayer coverage as well as double layer coverage were prepared. The fabricated electrodes were applied for sensitive nonenzymatic detection of H 2 O 2 . The H 2 O 2 reduction activity of the Pd NPs increased with the C NP deposition mass before a monolayer coverage was approached. With one monolayer of C NPs, the H 2 O 2 detection sensitivity reached the maximum, which was more than twice of that of the GCE covered with Pd NPs only. The significant improvement of the H 2 O 2 electrocatalytic reduction activity of the Pd NPs could be attributed to synergistic effect of the high conductivity, the fast electron transfer rate as well as the high accessible active surface area provided by the C NP intermediate layers. For the C NPs with deposition mass larger than one monolayer, a degeneration on the electrocatalytic activity was observed, due to the rough and loose morphology developed on the C NP film surface under heavy deposition.
